Trofobiose Entre Formicidae e Hemiptera (Sternorrhyncha e Auchenorrhyncha):
Introduction
Some mutualistic relationships between ants and insects 'Homoptera' are known as trophobiosis, a word derived from the Wasmann's studies (Myers 1928 , Hölldobler & Wilson 1990 , Gullan 1997 . These relationships have called the attention of many researchers and have been object of a range of publications since the Nineteenth Century. Any attempt to review exhaustively these forms of facultative or obligate associations is condemned to remain fragmentary. The richness of interactions and the quantity of published information, most of it during the last 30 years, and usually restricted to a single pair or a small group of insects, is so numerous and diverse that several volumes would be necessary to condense them. Several reviews are available on this issue (Nixon 1951; Way 1963; Buckley 1987a,b; Sudd 1987; Hölldobler & Wilson 1990; Gullan 1997) . Complementary information, focusing more generally on the relationship of ants with other organisms can be found in Myers (1928) , Beattie (1985) , Fowler et al. (1991) , Jolivet (1996) and Schultz & McGlynn (2000) . I review, hereafter, the current understanding on trophobiotic relationships between the two groups of insects and present some points that I consider of importance as an introduction for further studies on the evolution of these insect/insect interactions.
The trophobiosis which occurs between ants and some 'Homoptera' is not unique, as they are not able to feed on and digest vegetation by themselves. Excluding the fungusgrowing species of the Attini tribe, ants have developed several types of trophobiotic relationships with Lepidoptera larvae of the families Lycaenidae, Riodinidae, and Tortricidae (Maschwitz et al. 1986 , Hölldobler & Wilson 1990 , DeVries 1991 , Pierce et al. 1991 , and Heteroptera species of the families Coreidae, Pentatomidae and Plataspidae (Myers 1928 , Maschwitz et al. 1987 , Hölldobler & Wilson 1990 , Dejean et al. 2000a , Giberneau & Dejean 2001 . Some 'Homoptera' maintain similar relationships with a range of others insects, in particular Anthribidae, Coccinellidae, Apoidea, and other aculeate Hymenoptera (wasps sensu lato), Tachinidae, Syrphidae and Neuroptera (Belt 1874 In Myers 1928 , Auclair 1963 , Castro 1974 , Kosztarab 1987 , Hölldobler & Wilson 1990 , Carver et al. 1991 . But it is between ants and the different groups of insects put under the banner 'Homoptera' that this phenomenon has reached its plenitude, at different degrees and with convergent adaptations.
Although still used by North American authors and accepted by most international journals, the term 'Homoptera' is no longer accepted as an order or suborder by hemipteran taxonomists (Carver et al. 1991) . Due to the paraphyletic nature of Hemiptera, three suborders are currently recognized: Sternorrhyncha (scale insects, aphids, white flies), Auchenorrhyncha (cicadas, leafhoppers, planthoppers) and Heteroptera (true bugs), with Sternorrhyncha being the sister group of the rest of Hemiptera (Carver et al. 1991) . 'Homoptera' is thus an artificial aggregation of both herbivorous Sternorrhyncha and Auchenorrhyncha, and is maintained here for convenience, because of the convergent behaviors in relation to ants observed in both suborders. Nevertheless, as a general rule, the nomenclature of Carver et al. (1991) for the Hemiptera will be followed hereafter.
Who Are the Partners of the Trophobiosis and why Does it Make them so Special?
'Homoptera' are obligate guests of annual or perennial plants, with different degrees of specialization to their host. As highly specialized herbivores, they are generally regarded as being the worst plant pests worldwide because they remove plant sap, damage the tissues or inject toxins or viruses in many plants of economic importance (Nixon 1951 , Carter 1962 , Way 1963 , Conti 1985 , Buckley 1987a , Carver et al. 1991 , Gullan 1997 , Dejean & Matile-Ferrero 1996 , Dejean et al. 2000a ). Many of these pests are not host-specific and neighboring non-cultivated plants may serve as intermediary hosts for the 'Homoptera' and their associated pathogens (Carter 1962 , Adenuga & Adeboyeku 1987 . Their more characteristic feature is certainly their mouthpart structure: the Sternorrhyncha and Auchenorrhyncha heads are opisthognathous and their mouth appendices are highly specialized for extraction of plant saps. The mouth parts are modified in a rostrum which secures two pairs of sclerotized and flexible stylets intricated as a tube including salivary and food canals, able to penetrate the most hard plant tissues (Pesson 1944 , Auclair 1963 , Carver et al. 1991 , Dolling 1991 . Most of the ant-attended 'Homoptera' feed in plant phloem, except the Cercopidae which feed on xylem (Carter 1962 , Carver et al. 1991 , Gullan 1997 . The exploration of plant tissue by the stylets until reaching a suitable sap source needs several minutes to hours and feeding can also take a long time (Auclair 1963) . This mode of exploration of plant sap makes the whole 'Homoptera' species easy prey for predators because the former are unable to withdraw their stylets quickly for escape (Stadler & Dixon 1998b . Certainly the relative slowness of these insects for installing or removing their mouthparts whilst feeding may have been one of the stronger determinants of the evolution of myrmecophily in different groups of species.
During exploration of plant tissue by the stylets, a secretion is generally deposited to form a protective feeding track (Carter 1962) . The liquid diet depends clearly on the nature of the host plant, but is constituted mainly by nitrogenous components, amino acids, organic acids, amides, carbohydrates and a range of secondary compounds (Auclair 1963) . The plant sap is digested through the complex hemipteran digestive system where a part of the gut is closely apposed or encapsulated to another part, constituting an efficient alimentary filter system. This allows the surplus water, sugars and other elements to be eliminated speedily through the hind gut (Pesson 1944 , Ammar 1985 , Carver et al. 1991 . The volume of liquid that passes through the insect body is high and 'Homoptera' needs to excrete large amounts of it while concentrating the nutrients essential to its survival and development. Endosymbionts, intracellular microorganisms found in specialized cells (mycetocystes or bacteriocytes), in organs (mycetomes) or in different tissues, are very diverse and exist in all 'Homoptera'. These supply the insect host with nitrogenous products, amino acids, lipids or vitamins unavailable in the plant sap (Auclair 1963 , Miller & Kosztarab 1979 , Houk & Griffiths 1980 , Ammar 1985 , Gullan & Kosztarab 1997 , Douglas 1998 of a few families, such as the Diaspididae, most of the Sternorrhyncha and Auchenorrhyncha emit, through the anus, droplets of excreta. This is a sugar-rich liquid known as honeydew. It is derived from the plant sap and partially digested, and mixt with products of the Malpighi tubes, forms a rich and stable nutrient source. The honeydew is a complex mixture of water-soluble carbohydrates (the main proportion, including glucose, sucrose, fructose and others), amino acids, amides, organic acids, alcohol, auxins and salts (Hackman & Trikojus 1952 , Auclair 1963 , Way 1963 . Honeydew production is extremely variable and has been estimated to be several times the insect body mass per hour (Auclair 1963 , Larsen et al. 1992 . It is different, qualitatively or quantitatively, depending on whether the aphid is attended by an ant or not, and the type of host plant used (Way 1963 , Stadler & Dixon 1999 .
Many Sternorrhyncha and Auchenorrhyncha are gregarious, at least at an early stage of their development. Some remain gregarious until adulthood, such as Aphidoidea, Coccidea, Eurymelidae and Membracidae (Carver et al. 1991) . Some Sternorrhyncha have a sedentary lifestyle, such as adult female scale insects, or early in their life cycle (Pesson 1944 , Gullan & Kosztarab 1997 . Generally, the first stage of these scale insects, the crawlers, correspond to a dispersion phase when they walk on their own, are carried by ants or are dispersed by wind (Stephens & Aylor 1978 , Washburn & Washburn 1983 . Species that show any form of association with ants, range from 1 to 10-15 mm. Small size, sedentarism, ubiquity and gregarious habits, all contribute to facilitate finding ants, which use them as a stable source of nutrients. On the other hand, the same can be argued to make these insects easy and plentiful hosts for a range of hymenopterous parasites (Carver et al. 1991 , Sullivan & Völk 1999 .
Many ants that visit 'Homoptera' are highly opportunistic and have similar feeding characteristics of those visiting plant extrafloral nectaries (if they are not the same species) (Carroll & Janzen 1973 , Wood 1982 , Hölldobler & Wilson 1990 , Oliveira & Brandão 1991 , Oliveira & Pie 1998 . Blüthgen et al. (2000) observed that ants which attend 'Homoptera' in the Amazonian forest canopy are generally dominant and monopolize trophobiont exploitation to their own colony, while at extrafloral nectaries sites this is not observed. Furthermore, much of what can be said on obligate or facultative mutualisms between angiosperms and ants apply also to the ant-'Homoptera' attendances. Honeydew-producing 'Homoptera' can be seen as an ecological equivalent of plant extrafloral nectaries, and the presence of both ants and sapsucking insects should be understood as a mechanism beneficial to the plant, if trophobiont density remains low (Way 1963 , Wood 1982 , Cushman & Addicott 1991 . Furthermore, tending of a population of 'Homoptera' warrants ants the permanent access to a honeydew source without depending on seasonal variation of other food production by the host plant (McKey & Meunier 1996) . Nevertheless, evolutionary processes of the two classes of mutualisms are totally independent in all cases, except, as some authors have pointed out, when both systems apparently compete or complete one another (Rico-Gray 1993 , Blütghen et al. 2000 , Sakata & Hashimoto 2000 .
It now appears clear that ants, as social organisms, had their origin during the Cretaceous age, approximately 100-120 million years ago (Johnson et al. 2001) . Proto-Hemiptera could be as old as Carboniferous (Evans 1963) . With Auchenorrhyncha and Sternorrhyncha much older than ants and known since the Permian or Triassic, the Sternorrhyncha were already common during the Cretaceous (Aphidoidea and Coccoidea), but more diverse in the Tertiary and certainly able to produce honeydew similar to today (Carroll & Janzen 1973 , Miller & Kosztarab 1979 , Gullan & Kosztarab 1997 , Johnson et al. 2001 . Nevertheless, true trophobiosis-based relationships between ants and 'Homoptera' certainly appeared in the early Tertiary, since existing Baltic amber fossils suggest an association between aphids and Iridomyrmex in the early Oligocene (Wheeler 1914 , Hölldobler & Wilson 1990 , and unambiguous records in Dominican amber of such interactions between ants of the genus Acropyga and Rhizoecinae mealybugs dates to the Miocene (Johnson et al. 2001) .
The commonest ant species which attend trophobionts are arboreous, territorial, omnivorous, opportunistically predator or scavenger, and able to provoke a large recruitment of nest congeners on a particular interesting food source. They generally belong to one of the following subfamilies: Dolichoderinae, Formicinae, Myrmicinae (Carroll & Janzen 1973 , Hölldobler & Wilson 1990 ), but some cases of attendance by Pseudomyrmecinae (Klein et al. 1992 , Gullan 1997 or Ponerinae are also reported. These more primitive ants are generally categorized as solitary hunters or predators and scavengers (Carroll & Janzen 1973 , Hölldobler & Wilson 1990 ) but several Neotropical Ponerinae have developed strategies for collecting and carrying liquids to their nests (Weber 1944 , Hölldobler & Wilson 1990 ). In addition, honeydew collection from Sternorrhyncha or Auchenorrhyncha is reported for a West African Odontomachus (Evans & Leston 1971) and the Neotropical Odontomachus haematodus (L.) (Myers 1929) , Ectatomma tuberculatum (Olivier) (Weber 1946) and Ectatomma sp. (Dietrich & McKamey 1990 ). Liquid food is particularly suitable for the more phylogenetically advanced ants, particularly Dolichoderinae and Formicidae (Sudd 1987) . It can be easily collected and pre-digested through storage in the crop of foragers or specialized workers (= the "social stomach"). Redistribution occurs easily and fast to the whole society at a low energetic cost through trophallaxis (Hölldobler & Wilson 1990 , Fowler et al. 1991 .
Generally, ants that attend Auchenorrhyncha trophobionts are not too "possessive" and several ant species can simultaneously visit a group formed by a single cicadellid, delphacid or membracid species (Larsen et al. 1991 , Dejean et al. 1996 . The same can be said for a range of Sternorrhyncha for which ants give only discontinuous attention (Way 1963 , Adenuga & Adeboyeku 1987 . Nevertheless, cases of specialized trophobiosis, i.e., where a trophobiont group is always attended by the same ant species, are much more common between the Sternorrhyncha, particularly, Coccidae and Pseudococcidae.
Delabie

Diversity and Evolution of Mutualisms Between
Ants and 'Homoptera' Early Stages of 'Homoptera' / Ants Interactions. Almost all Sternorrhyncha and Auchenorrhyncha need to become free from the exceeding honeydew they produce and most of them are not ant-attended or are only accidentally ant-attended. For example, according to Bristow (1991b) , only 24% of aphids on the Rocky Mountains are ant-attended. The physical or mechanical elimination of honeydew is certainly one of the most important problems in 'Homoptera' evolution. The inability to eliminate this excretion can mean the death of sessile species in the short term, by fungi contamination of the plant and animal, or simply by drowning in the liquid (Gullan 1997 , Gullan & Kosztarab 1997 . Predators can use honeydew as a chemical signal to locate the sites of feeding sessile or non-sessile species (Bristow 1991b). Aiming to satisfy these exigencies, some scale species produce wax filaments, which isolate the insect body from excretions. Others, envelop these by a hollow tube, several centimeters long in some species, to remove the honeydew as far from the body as they can (Gullan & Kosztarab 1997) . The commonest mechanism by 'Homoptera' able to move is removal by shaking its abdomen in order to throw the honeydew droplet away, as far as possible (Way 1963 , Gullan & Kosztarab 1997 or by kicking it off with the hind leg (Way 1963) . In other circumstances, the droplet is eliminated by abdominal contractions or passive elimination by the anus (Way 1963 , Gullan 1997 . This generally promotes the formation of large spots of the fungus sooty mould (Way 1954 (Way , 1963 Carter 1962; Gullan 1997) . This is reported sometimes as non-parasitic, sometimes as deleterious, on the foliage where populations of 'Homoptera' occur, where it can reduce the photosynthesis and cover non-ant-attended sap-sucking insects. Consequently, and due to the active foraging activity of numerous ant species on vegetation, the commonest interaction between ants and sap-sucking insects appears to be collection of this dispersed honeydew by ants as they lick directly onto the substrate. No direct contact between the two organisms is established a priori (Hölldobler & Wilson 1990) . Opportunistic ant species, such as those which attend 'Homoptera', are commonly also generalist predators. Simultaneously to honeydew collection on foliage or around the insects, they prey on the sap-sucking insects. An example of this are the ants visiting the pear orchards infested by the Psyllidae Cacopsylla pyricola (Paulson 1998) . In fact, interactions between the two groups of insects are reported since Antiquity, as in China (Buckley 1987a , Huang & Yang 1987 where they were established on the predation ability of ants and gave origin to the first historical applications in biological control.
Facultative Trophobiosis. Most of the best-documented mutualistic relationships between ants and Sternorrhyncha or Auchenorrhyncha draw a true connection between the two organisms and constitute the subsequent evolutionary step. As Stadler & Dixon (1999) pointed out with aphids, it is likely that any trophobiosis has begun as predator-prey relationship and the ant has been inhibited in its predation by the offering of a droplet of honeydew. Ant-attendance is very common in aphid populations in temperate regions of the Northern hemisphere (Sudd 1987 , Bristow 1991b . It is much more diversified in a range of Auchenorryncha and Sternorrhyncha families in tropical regions (Malsch et al. in press) ( Table 1 ). In fact, diverse forms of trophobiosis have evolved independently but in convergent ways in the more diverse families of 'Homoptera' (Table 1) . Some of them witness an obligate mutualism, although the larger portion being only facultative or merely opportunistic. The commonest cases of facultative trophobiosis are found between Sternorrhyncha, possibly as a consequence of the inability to move for many of them (Coccoidea) (Fig.  1) , or because of the abundance and quality of the honeydew produced by others (Aphididae). For that reason, it is also between these insects that morphological or behavioral adaptations, destined to facilitate the interactions with ants, are most commonly observed. The obligate ant-attended cicadellid Dalbulus quinquenotatus DeLong & Nault (MoyaRaygoza & Nault 2000) produces a larger amount of honeydew than congeneric non-ant attended species, possesses more complex behaviors and is more sessile (nonjumping) than non-attended species (Larsen et al. 1992) According to Dietrich & McKamey (1990) , this sessile behavior observed in different ant-attended Auchenorrhyncha families favors subsociality and gregarious habits.
Following Bristow (1991b), the mutualism is sustained only when costs of maintaining the association are low and benefits are high for both partners. When honeydew is a waste product, mutualism is of low cost for 'Homoptera'. Other costs for both partners are variable and depend of a range of circumstances and situations (Buckley 1987a , Bristow 1991b , Stadler et al. 2001 , as described in the following paragraphs.
Ants exploit 'Homoptera' not only for their honeydew, but also as a protein or lipid source when foraging on them as common prey (Nixon 1951; Way 1963; Carroll & Janzen 1973; Buckley 1987a, b; Sudd 1987; Mckey & Meunier 1996; Hölldobler & Wilson 1990; Sakata 1994 Sakata , 1995 Gullan 1997) . Way (1963) explains that ants differentiate between trophobionts and common prey by slow movements of trophobionts which closely look like ant brood movements, while intruders are normally more active or agitated. The "choice" by ants of attending 'Homoptera' found on their territory depends on a range of imbricated factors (see Buckley 1987a) such as: the degree of perturbation of the ants or of the trophobionts (Way 1963) ; if more than one ant species attends (Sudd 1987 , Cushman & Addicott 1991 , Sakata & Hashimoto 2000 ; the ant specialization for the attended-insect (Sakata 1994 , Gullan 1997 ; and the lack of proteins in the ant diet, the density or the numerical importance of the group of 'Homoptera' and its ability in producing honeydew, qualitatively and quantitatively (Way 1963; Tilles & Wood 1982; Delabie et al. 1990; Sakata 1994 Sakata , 1995 Dejean et al. 2000b) .
Generally, the ant solicits release of honeydew by drumming the abdominal extremity of the insect with its antennae or touching it in broad prolonged movements (Nixon 1951 , Way 1963 , Sudd 1987 , Hölldobler & Wilson 1990 , Larsen et al. 1992 , Dejean & Bourgoin 1998 Myers 1928 , Buckley et al. 1990 , Hölldobler & Wilson 1990 , Dejean et al. 1991 , Carver et al. 1991 , Paulson 1998 December, 2001 continues during the course of honeydew solicitation (Hölldobler & Wilson 1990 , Dejean & Bourgoin 1998 . When honeydew is expelled, the trophobiont keeps the droplet at the abdomen's extremity until an ant removes it (Larsen et al. 1992) . But in many cases, the droplet of honeydew is released independently of ant attendance. When this occurs, the fallen honeydew is simply licked by ants (Dejean et al. 1996) . A range of parasitic wasps of several families specialize in attacking isolated or aggregated Sternorrhyncha or Auchenorrhyncha at different stages: Aphelinidae, Braconidae Aphidiinae, Dryinidae, Encyrtidae, Eupelmidae and Mymaridae (Nixon 1951 , Nechols & Seibert 1985 , Rozario et al. 1992 , González-Hernández et al. 1999 , Sullivan & Völk 1999 , Stadler & Dixon 1999 , Moya-Raygoza & Nault 2000 . Beetles of the family Coccinellidae and Syrphidae flies are among their main predators (Way 1963 , Collins & Scott 1982 , while spiders have been reported as predators in more recent papers (Cushman & Whitham 1989 , Buckley 1990 , Cushman & Addicott 1991 , Moya-Raygoza & Nault 2000 . Therefore, many ant species offer a direct protection to their trophobionts, although this protection is not absolute, since predators and parasites developed sophisticated strategies to avoid ant predation (Way 1963) . Indirect benefits are also offered through elimination of dead insects, this behavior contributing to mitigate the rate of parasitism between trophobionts (Buckley 1987a). The motivation of ants in protecting its trophobionts, as estimated by their survival rate, depends mainly on accessibility of the insects, distance to the ant colony, number of individuals in the ant-attended group, trophobiont's ability in aggregating, their capacity in producing honeydew, and diversity of food sources available to the ants (Way 1963 , Wood 1982 , Delabie et al. 1994 , Gullan 1997 . In the opinion of Wood (1982) , perennial plants provide better sites for ant attendance than annual plants, as these sites are predictable and can be permanently exploited by the ant society. The survival rate of 'Homoptera' also depends on the aggressiveness of its protective ant or whether the attendant ant is dominant (Nixon 1951 , Wood 1982 , Buckley & Gullan 1991 , Campbell 1994 , Gullan 1997 . The survival rate does not depend of the number of trophobionts living in the aggregation (Flatt & Weisser 2000 , Morales 2000 . In some cases, trophobionts are marked by an ant colonyspecific odor that they can discriminate from conspecifics attended by another ant colony (Schütze & Maschwitz 1992) .
Many ants build a protective shelter, or a tent, made of plant debris, over their aggregations on plant favorable sapsucking sites. These shelters protect their trophobionts against Delabie parasites or predators, and from the rain incidence. Perhaps, these shelters could also deter non-sessile individuals to escape, such as Membracidae commonly observed on pod peduncles in the Bahian cocoa plantation and "protected" by arborous ants of the genera Azteca, Crematogaster or Dolichoderus (Nixon 1951; Kirkpatrick 1952; Way 1954 Way , 1963 Evans & Leston 1971; Delabie 1990; Dejean et al. 1996; Gullan 1997; Liefke et al. 1998) . According to Way (1963) , shelters built by ants on their trophobionts derive primarily from similar constructions made by many ants in the aim to protect their trails and resources. Other ants, such as Formica obscuripes Forel, build subterranean galleries to protect their mutualistic aphids that migrate there daily (Seibert 1992) . This form of protection is not exclusive to 'Homoptera' as ants build shelters to protect the bugs Caternaultiella rugosa (Plataspidae) in southern Cameroon (Dejean et al. 2000a) . For a few ant species, the shelter is an obligate structure for permanent establishment of honeydew-producing insects at the territory periphery of arboreous species, such as Azteca paraensis bondari Borgmeier (Delabie 1990). Ants occasionally tend trophobionts in their own nests, as in the case of subterranean Acropyga and their symbiotic mealybugs tended on the roots of angiosperms (Bünzli 1935 , Weber 1944 , Delabie et al. 1990 ), or keep them inside during the winter (Nixon 1951 , Seifert 1996 . Arboreous species nest, with their trophobionts, inside silksewed pavilions, as do Malaysian Camponotus and Polyrhachis (Dumpert et al. 1989 , Dorow & Maschwitz 1990 , Liefke et al. 1998 . Few species nest in hollow internodes of tropical trees or domatias, such as some Azteca associated to Cecropia and Cordia in the Neotropics (Gullan 1997), Camponotus and Crematogaster to Macaranga in Southeast Asia (Maschwitz et al. 1996 , Heckroth et al. 1998 , Crematogaster to Avicennia in Australian mangroves (Nielsen 1997) , and Tetraponera to Gigantochloa bamboo (Klein et al. 1992) . Here they tend occasionally or obligatory a population of mealybugs or coccids (see also Gullan et al. 1993 , Maschwitz & Fiala 1995 , Gullan 1997 , Liefke et al. 1998 .
Another important aspect to consider is the case of manipulating, removing or transporting trophobionts to suitable sites by ants (Nixon 1951 , Way 1954 , Carroll & Janzen 1973 , Delabie et al. 1994 ). Crawlers of Coccoidae are able to colonize sites by themselves and are attended later by ants (Nixon 1951; Delabie et al. 1994; Maschwitz et al. 1996 Maschwitz et al. , 2000 . The choice of a suitable site by an ant can be influenced by several factors, acting individually or collectively such as: a) the place is the most favorable to the production of a high-quality honeydew (like cocoa pods peduncles); b) it is supposedly easier to defend against attacks of predators and parasites of honeydew-producing insects; c) it is easier to strengthen by the construction of shelters; d) it is of easy and quick access to the ants, allowing important economies of time and of the energetic cost of foraging; e) it allows honeydew production of a number of insects enough to compensate cost of exploration by the ants; f) it constitutes a stable and permanent source of food to the ants; and g) it cannot be reached by an ant competitor of the same mosaic.
Obligate Mutualism. A range of morphological, physiological and behavioral adaptations of trophobionts have been attributed to a coevolution with an ant partner. Therefore, some authors (Bristow 1991b , Stadler & Dixon 1998b have claimed that obligate mutualism between ants and aphids is rare, and only few species show such adaptations, essentially physiological. According to Way (1963) and Stadler & Dixon (1998a) , a facultative ant-tended aphid has a lowest reproductive and developmental performance when associated to an ant than when not ant-associated. Other authors (Way 1963 , Fowler et al. 1991 have suggested the cornicles (or siphunculi, that produce defense or repellent substances to deter aphids enemies) together with the abdomen extremity of aphids as mimicring an ant head offering trophallaxy. In certain aphids, cornicle reduction should be an adaptation to ant attendance (Nixon 1951 , Sudd 1987 , Schütze & Maschwitz 1992 , Seibert 1992 . The soldier caste of aphid Pseudoregma sundanica should compensate the deficiency of ant defense against larger predators (Schültze & Maschwitz 1991) . Others adaptations are presented by some trophobionts. Myzolecaniinae scales live constantly in ant nests and have their spiracles open dorsally, although the normal position of the spiracle is ventral in all other Coccidae (Gullan & Kosztarab 1997) . The Rhizoecini mealybug Neochavesia caldasiae (Balachowsky) pushes strongly with its scorpion tail-like abdomen when refusing to be attended by its mutualistic Acropyga. Setae in the anal region of some mealybugs act as a basket to retain honeydew droplets until ants collect them (Way 1963 , Gullan & Kosztarab 1997 . Equivalent structures in ant-associated aphids are called "trophobiotic organ" by Way (1963) . The tettigometrid planthopper Euphyonarthex phyllostoma Schmidt attracts the ant's attention when ready to expel a honeydew droplet by raising its body and making an alternate extrusion and withdrawal of the first droplet (Dejean & Bourgoin 1998). Exocrine glands situated in different regions of the body of this species are responsible for its attractivity to ants (Dejean & Bourgoin 1998) .
True nomadism in Asian ants offer another example of an obligate relationship with 'Homoptera'. Several species of the genus Dolichoderus living in the Malaysian Peninsula are known as herdsmen ants because they spend all their life as nomads, migrating together with symbiotic Allomyrmococcini mealybugs, and occasionally tending some Coccidae or Membracidae (Maschwitz & Hänel 1985 , Hölldobler & Wilson 1990 , Maschwitz & Dill 1998 . The nest of these nomadic ants is established in pre-formed cavities of vegetation where the ants form a compact mass with their own bodies, clinging to one another, and protecting their brood and mealybugs. The ants carry the mealybugs to feeding sites, sometimes far from the colony. Migration is not periodic, as in the case of legionary ants, but depends mainly on exhaustion of homopteran feeding sites. A new nest site depends only on the proximity of suitable sites for the trophobionts establishment (Maschwitz & Hänel 1985 , Hölldobler & Wilson 1990 , Maschwitz & Dill 1998 . In case of danger, mealybugs use a special phoretic mode: climb on the ants or gathered in the ant's mandibles, allowing them to escape quickly. Similar behavior has been reported for the Java mealybug Hippeococcus which is tended by another December, 2001 Dolichoderus species (Way 1963 , Hölldobler & Wilson 1990 .
Interesting is the case of several genera of the mealybug Rhizoecinae subfamily which shows the oldest reported obligate relationship with Acropyga ants (Formicinae). The hypogeic genera Eumyrmococcus, Neochavesia and Xenococcus are obligatory attended by Acropyga in several parts of the World (Williams 1998) . Both ants and mealybugs live on the superficial roots of different plants, in particular coffee and cocoa trees, where this relationship has been largely reported (see Delabie et al. 1990 ). This mutualism has existed for at least 15-20 million years, with females of the extinct Rhizoecinae genus Electromyrmococcus and Acropyga queens found together, preserved in Miocene Dominican amber (Johnson et al. 2001) . In addition, it is well established that female ants carry in their mandibles a female mealybug when undertaking mating flights (Weber 1944 , Flanders, 1957 , Campos & Morais 1986 , Johnson et al. 2001 ). This behavior is convergent to that of Attine ants where females disperse and mate carrying a mycelium piece of symbiotic fungus in her infrabuccal pocket (Hölldobler & Wilson 1990) . A similar behavior is known from an arboricolous Pseudomyrmecinae from South-East Asia, Tetraponera binghami (Forel) (formerly T. sp. near attenuata), which lives in hollow internodes of giant bamboo species and carry a mutualistic mealybug during the nuptial flight in her mandibles (Klein et al. 1992) . These convergent behaviors warrant successful ant nest foundations only if implementation of the trophobionts is successful. Acropyga tends mealybug eggs together with its own brood in special chambers (Delabie et al. 1990) . The ants take care of mealybugs at a suitable site on superficial roots of plants (generally trees) around which the nest is established (Delabie et al. 1990) . Similar behavior has been recently described for Malaysian Pseudolasius ants (Malsch et al. in press) .
The normal situation for a scale insect is formation by the female of a scale cover, ovisac or wax layers to protect the eggs (Gullan & Kosztarab 1997) , but the Acropyga case illustrates transfer of parental care to the ants. Another case of parental care transfer from trophobiont to ant has been described for the treehopper Publilia reticulata Van Duzee: females abandon facultatively their first brood only if an ant takes care of it; the ants greatly increasing survival probability of the trophobiont's colony (Bristow 1983) . In this case, females begin to produce an additional clutch, thus contributing to growth of the treehopper population. In a non ant-attended situation, a single generation per year is produced and females of this and other subsocial species take care of the eggs and young nymphs (Wood 1982 , Bristow 1983 , Buckley 1987a .
Other spectacular examples of obligate relationship between ants and 'Homoptera' are found in the intertropical regions, such as in Africa, where Gaume et al. (2000) suggested that the female Formicinae Aphomomyrmex afer Emery maintains a double mutualistic relationship with a Leonardoxa legume, and carry associated coccids on it's body during the mating flight. In temperate latitudes, several ant species of Lasius keep aphid eggs in their nests, but only during the winter (Way 1963 ). According to Dietrich & McKamey (1990) , in many described ant-mutualisms with Auchenorrhyncha of the Cercopidae, Cixiidae, Issidae, Delphacidae and Tettigometridae families, the trophobionts live inside the ant nest.
In many of these obligate trophobiotic relationships, ants forage in a cloistral manner exclusively on their trophobionts, for example, Acropyga spp. (Johnson et al. 2001) and some Camponotus associated to the palm Korthalsia in Southeast Asia (Mattes et al. 1998) . Although having no such confined behavior, herdsmen ants also feed exclusively on their trophobionts, much like the nomad human populations with their stock (Maschwitz & Hänel 1985 , Maschwitz & Dill 1998 .
The Case of the Diaspididae/Ant Mutualism. The case of the armored scales Diaspididae is still not perfectly understood: these scales are unable to liberate honeydew, but only excrete the products of their Malpighi tubes, due to a peculiar anatomical configuration of their gut (Pesson 1944 , Gullan & Kosztarab 1997 . Excess products of sap digestion are probably returned via the mouthparts or used in scale shield formation (Gullan & Kosztarab 1997) . Some African Diaspididae are attended by ants of the genus Melissotarsus in very cryptic conditions, the ant nest being completely hidden under the bark of trees. It seems that the ants tend armored scales because of their wax, since these insects are completely naked when ant-attended, while in natural conditions they develop a normal shield (Delage-Darchen et al. 1972; Prins et al. 1975; Ben-Dov 1978 , 1990 Ben-Dov & Matile-Ferrero 1983) . The shield is made by the superposition of several wax covers successively deposited during the scale's developmental stages. Due to their sedentary life, the shield of these scales seems an extremely efficient protection against predacious ants as in the case of Neotropical Acacia-associated Pseudomyrmex (Janzen 1966 , in Kosztarab 1987 . The aphid Prociphilus fraxini (Fabricius) is densely covered by wax when non ant-tended, while the ants remove the wax if living in association (Way 1963) . Several other examples exist of ants removing wax on trophobiotic mealybugs (see Nixon 1951 , Way 1963 ). Diapididae protection is not therefore always so efficient, as attested by reports of ant predation (Ozaki et al. 2000) or suspicion of it (Soares & Delabie 1999) , in research for biological control agents.
Biotic Interactions Around the Ant / 'Homoptera' Niche and Consequences for Integrated Pest Management
Most of our knowledge about interactions between these two insects groups is obtained from small-scale studies. Other partners involved, directly or indirectly, have been under consideration in only a limited number of papers. Overall interactions inside communities (Fig. 2) have been only occasionally examined as a whole (Gullan 1997 , Wimp & Whitham 2001 , except in evaluations on the efficiency of ants that simultaneously tend 'Homoptera' and act as agents of biological control (see for example, Skinner & Whittaker 1981 , González-Hernández et al. 1999 . In fact, the most evident true third partner, the plant, has rarely been focused on, with the exception of few recent papers (Buckley 1987a,b; Bristow 1991a; Gullan 1997; Gaume et al. 1998) . Nevertheless, when the benefits for each of the three partners are evaluated, many authors agree that the plant is highly prejudiced, mainly in monoculture situation, but also in forest management and fruit production (Buckley 1987a,b; Buckley & Gullan 1991; Dejean & Matile-Ferrero 1996) . Although high costs of maintaining the sap-sucking insect population are evident, the plant receives compensation in the form of ant protection against specialized or opportunistic herbivores (Buckley 1987a , Cushman & Addicott 1991 , Floate & Whitham 1994 , Wimp & Whitham 2001 . Due to the predatory activity of ants over their territory, non ant-attended honeydew producers are consumed (Perfecto & Sediles 1992 , Ozaki et al. 2000 . An exhaustive evaluation of the ratio cost/ benefits for the three partners has been made by Buckley (1987a) .
Delabie
Therefore, these three partner's interactions should still be a possible perfect "marriage" if many 'Homoptera' were not also responsible for transmission of plant toxins, fungi pathogens or plant viruses (Carter 1962 , Conti 1985 . Toxins originate from inoculation of insect salivary substances, which include enzymes and other compounds, produced to allow easy circulation or installation of the stylets near plant vessels and facilitate sap flooding into plant tissues. They provoke local or systemic specific-character malformations, necroses, yellowing and other symptoms (Carter 1962) . One of the better-known phytotoxemia, and the worst disease of pineapple, is the pineapple wilt. This disease is provoked worldwide by mealybugs Dysmicoccus brevipes (Cockerell) and D. neobrevipes (Beardsley), and associated in Hawaii to the ant Pheidole megacephala (Fabricius) (Nixon 1951 , Carter 1962 , González-Hernández et al. 1999 .
Many sap-sucking insects are also reservoirs of viruses that they inject into plant tissues together with their saliva.
They act as vectors of these viruses, being responsible for epidemics in many annual crops (Carter 1962) . The viruses' nature is highly plant-specific and recently several virus families have been identified, each one using a Sternorrhyncha family as vector (Karasev 2000) . The best vectors are found in non-sessile species, and for that reason, many virus problems linked to a 'Homoptera' have aphids as disseminating agents (Carter 1962) , regardless of whether ants attend the aphids. One of the worst, and most lethal, viruses is the cocoa swollen shoot. It occurs in cocoa plantations of the Ivory Coast, Ghana, Nigeria, Sierra Leone, and Togo. The pathogen is obligatory disseminated by crawlers of fifteen to twenty mealybug species and their associated ants, primarily Planococcoides njalensis (Laing) (Nixon 1951 , Campbell 1974 , Dufour 1991 , Bigger 1993 . Ant-associated mealybugs have also been reported as vectors of other cacao viruses in Trinidad, Sri Lanka and Java (Carter 1962) . Other plant diseases, in which the vector is presumed to be an Aphidoidea or Coccidea, have been reported by Nixon (1951) .
Many other aspects can be pointed out in insect communities organized around an ant-'Homoptera' association. Ants are able to minimize deleterious effects of fungus disease to their trophobionts (Samways 1983) . This is in addition to the advantages mentioned previously of protection against predators and parasites (Way 1963; Collins & Scott 1982; Buckley 1987a Buckley , 1990 Vinson & Scarborough 1991) . In compensation, ants also prey upon a range of hyperparasitoids (Sullivan & Völk 1999) . Some parasites are able to lure the ants by chemical mimicry of their attended aphids (Liepert & Dettner 1993) . Most of the dominant ants that tend 'Homoptera' are also generalist predators and have a strong effect on the different strata of the biota (Way & Khoo 1992) . Furthermore, these ants interact between themselves for territory and resources (including sap-sucking insects) (Majer 1993) . All these aspects make the community situation very complex (Fig. 2) , in particular if an IPM problem is focused on: in such a situation, taking into account plant survival and production, many positive points exist regarding possible benefits to the crop from the presence of ants, but many negative aspects are also experienced. In temperate regions, the situation is generally simpler. Only two or three interactions illustrated happen simultaneously. It can be drastically more confusing in tropical latitudes as several of these interactions commonly coexist. Therefore, any tentative effort at biological control may defy entomologists. It must be kept in mind that tropical ants hate empty spaces. Any control measure applied against an ant could result in its exclusion (maybe) and to its substitution (certainly) by another ant species. The new ant species could arrive together with its cohort of associated species, including trophobionts (which may be worst plant pests than that of their predecessors), plant pathogens, the natural enemies of the trophobionts, their parasites and the parasites of their parasites.
